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5 U UNARY 

An investigation was conducted in which fractography was used to 
characterize High-Temperature Low-Cycle (HTLC) creep-fatigue cracking of 
AISI 304LC and AISI 316 stainless steel specimens for each of four basic 
inelastic strainrange versus Ufa relationships obtained by the method 
of Strainrange Partitioning (SR?) . Previously, it has been suggested 
that differing deformation mechanisms were the cause of separation in 
the SRP relationships. Accordingly, this investigation was made to 
identify fracture features which can provide an understanding of the 
aechanisms which are operative in creep- fatigue. 

Evaluation of the fractures and of crack initiation data obtained 
from the fractures show that each of the four types of SRP-cycles can be 
characterized as to the effect upon cracking of tensile, compressive, or 
the absence of creep-strain. 

The fatigue fracture resulting from the non-creep- containing 
PP-cycle is transgr anular from one or more surface-crack-initiation 
sites. It was determined that the introduction of creep strain (in the 
PC, CC, or CP-type cycles) acts to change fatigue fracture in three 
distinct ways: 

(1) The number of surface transgranular crack-initiation sites 
(PC-cycle) is increased as compared to the non-creep fatigue (PP-cycle), 
resulting in fewer cycles in the crack initiation stage, a broad crack 
front, and shorter total cyclic life. 

(2) Introduction of grain- boundary cracking at the crack front 
(CC-cycle) produces early crack initiation and 
transgr anular-intergr anular crack propagation (mixed fracture mode), 
resulting in shorter total life than for either the PP or PC cycle. 

(3) Introduction of grain-boundary crack-initiation sites 
throughout the volume of the test specimen (CP-cycle) produces a total 
intergranular fracture. For this CP-cycle the total fatigue life (crack 
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therefore, was undertaken to identify by fractography specific crack 
propagation features which predoiinate in causing fracture for each type 
of SBP-cycle. A test cycle containing no creep strain is identified as 
a PP-cycle. When creep strain is applied in coapression only, the test 
cycle is designated PC; when creep strain is applied in tension only, 
the test cycle is designated CP; and when creep strain is applied in 
both tension and coapression the test cycle is designated CC, 

As a aeans of identifying creep-ef fects, aeasureaents were Bade of 
the crack propagation portion of total life as indicated by fracture 
surface aarkings. Crack initiation is defined as the cycles reguired to 
produce a crack depth of 125 via (0.005 in.). The crack propagation 
portion of total life is egual to the nuaber of cycLes reguired to 
propagate this initiation depth crack to fracture of the speciaen. Por 
traasgr anular fracture, the crack propagation period was aeasured froa 
the cyclic advance of the crack-front, as identified by striations 
(refs. 3 and 4), and for intergranular fracture by other features in the 
absence of striations. By these aeans crack initiation life, fracture 
lode, and surface features were related to the type of SBP test cycle 
and to total cyclic life. 

Only a Halted aaount of investigative effort has been directed 
toward obtaining the effect of creep upon the fracture appearance of 
applied cyclic loads. For axaaple, it has been shown that intergranular 
fatigue fracture can occur in alloys in the presence of creep strain 
whereas fracture would be transgranular in the absence of creep 
((Co-base alloy L605 and Fe-base A286 (ref. 5)). A aora unusual finding 
has been Bade for several aaterials which fail traasgranularly when the 
fatigue cycle contains coaprassiva creep only but fail intergranularly 
for otherwise identical test conditions except that the fatigue cycle 
contains tensile creep only, (( AISI 316 stainless steel (ref. 1) and Ta 
alloy Till (ref. 6)). Froa these liaited data, the factors that can 
contribute to a change in fatigue fracture node and cyclic lifetiae nay 
be inferred as being the rasult not only of the aaount of creep, but 
also by the direction of loading (tension or coapression) which causes 
creep. The austenitic stainless steels were selected for a aore 
coaplete investigation of this behavior. 

The present investigation uses fractography to deteraine fracture 
aode, crack initiation period, and crack propagation rite for all four 
types of SBP-cycles. The conditions considered were selected so as to 
include a range of tenperatures (305°C to 705°C) , a range of inelastic 
strainranges (0.4* to 4X) , and load application conditions in «hich 
creep-strain or plastic-strain predoainated in tension or coapress. . or 
both. 

Descriptions of the test speciaens, the aethods of testing, 
specieen exaaination, crack propagation, fracture characteristics, and 
the observed features associated with each type of SBP cycle are 
presented in the sections which follow. 
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NOMENCLATURE 


C 


Ci 

c/2 

dc/dn 


Ae . 

i 


crick length (depth fro» surface) 
crack initiation depth (125 y ■) 
crack half-length, y* 
crack propagation rate, yn/cycle 

applied inelastic strainrange = ^ e pp ♦ ^ e pc * iE cc * 


Ae 

Ae 

Ae 

Ae 


PP 

pc 

cc 


SEN 

SRP 

PP or PP-cycle 
PC or PC-cycle 
cc or cc-cycle 
CP or CP-cycle 
a 

"f 

At 


inelastic strainrange, specified as follows: 

tensile plastic strain balanced by coapressive plastic 
strain 

tensile plastic strain balanced by coapressive creep 
strain 

tensile creep strain balanced by compressive creep 
strain 

tensile creep strain balanced by coapressive plastic 
strain 

scanning electron aicroscopy 

strainrange partitioning, with SRP-cycle as follows: 
fatigue cycle consisting largely of Ac 

P P 

fatigue cycle consisting largely of Ae pc 
fatigue cycle consisting largely of Ac 

c c 

fatigue cycle consisting largely of ^ c cp 
cycle 

cycles to fail 

change in wall thickness by necking 


MATERIALS AND EXPERIMENTAL DETAILS 


Materials for which response to creep-fatigue cycling has been 
previously analyzed (ref. 1) , were used in this investigation. They were 
Types AISI 304LC (low carbon) and 316 stainless steel. The noeinal 
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compositions are: AISI 304LC (0.02 C, 1.5 Hn, 0.5 Si, 10 Ni, 19 Cr) and 
AISI 316 (0.08 C # 1.5 tin, 0.5 Si, 12 Hi, 17 Cr, 2.5 Ho). Specimens of 
both alloys were tested in the fully annealed condition. strainrange 
versus cyclic life relationships are reported for 316 steel in reference 
7. Some of the data for 304LC are shown in reference 1. 

The test specimens were of the tubular, hour-glass configuration 
with a nominal wall thickness of 1.53 an, (0.060 in.). Heating was 
either by direct resistance or by internally positioned silicon carbide 
heating element. All tests were conducted using closed-loop, 
servo-controlled, electro-hydraulic equipment, strains were measured 
using a diametral extensometer. All strains reported are longitudinal 
strains calculated from measured diametral strains. Further details of 
experiiental procedures and test equipment can be found in reference 8. 
The four basic types of SBP cycles are designated PP, PC, CP, and 
CC-cycles, The letters P (plastic, tine independent) and C (creep, time 
dependent) are used to designate the major types of inelastic strain. 
The first letter indicates the tensile and the second letter the 
compression portion of each applied cycle. In some cases the tensile 
deformation was applied at one temperature and the compression 
deformation at another. This is identified in table I. 

The analytical technique of partitioning establishes a data 
correlation line for each of the four basic types of loading cycles. 
Test specimens selected for this study represent data points of very 
close proximity to the final PP, cc, PC, and CP lines which were 
determined analytically from the test data. The procedure for 
partitioning the cycles into SBP cycle components and the method by 
which the SRP-cycle plots ware obtained is given in reference 7. The 
test conditions of the specimens used in the f ractographic investigation 
described herein are given in table I in the order in which they appear 
in the figures. The selected test specimens were examined using 
scanning electron microscopy (SEN) to determine fracture characteristics 
and to measure crack propagation rates. Crack propagation rates were 
determined from the measurements of the spacing between striations 
formed as the crack front advanced assuming one striation per cycle. 
Macroscopic examination was used to supplement the SEN. 

The number of cycles required for a crack to initiate to a depth of 
125 ym (0.005 in.) was derived as follows: The number of cycles 
expended in crack propagation was determined by counting striations from 
specimen failure backwards to the initiation depth. Crack initiation 
was thus taken to be the difference between total cycles to failure and 
the number of counted striations. 


CORRELATION OF FRACTURE APPEARANCE HITH STRAINRANGE CYCLE. 


A general finding of this investigation is that creep- fatigue 
interaction results in a distinctive fracture appearance for each of 
four types of SRP test cycles. Figures 1 to 4 show fracture surfaces of 
AISI 316 stainless steel fatigued to failure in strain-controlled tests 
for nominal inelastic strainrangas of 0.4 and 4 percent. Figures 1 and 
2 ace aacrophotographs. Figures 3 and 4 provide SEN photomicrographs 
superimposed upon plots of inelastic strainrange versus cycles to 
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failure as reported in reference 7. 

Generalized observations fere that for this naterial at a 
strainrange of nominally 4 percent, the cyclic life relationships (fig. 
4) for PC, and CC-cycles show no life reduction from the PP-cycle. The 
introduction of creep in a CP type cycle, however, appreciably affected 
Life at high as well as at the lower strainranges (fig. 3) . For nearly 
identical cyclic lives and at high inelastic strainranges ( Aei = 4%) , 
the fractured surfaces for specimens subjected to PP, PC, and CC-cycles 
are very similar on a macroscopic scale (figs. 2(a), 2(b), and 2(d)) in 
that striation "crescents" typical of transgranular fracture are 
evident. In the case of the CP-cycle (fig. 2(;)) the crystalline 
appearance indicates that intergranular fracture occurred. At higher 
lagnification , however, (figs. 3 and 4) each of the four types of SRP 
cycle is seen to produce a distil Ttively different fracture surface. At 
high or low strainrange and for the range of temperatures investigated, 
the specific identification of the mode of fracture for each SRP-cycle 
is presented in the sections which follow. 


PP-cycle Practure 


Striations are evident in figure 5 for AISI 304LC stainless steel. 
Section AA shows "planar" transgranular fracture broad, unified, crack 
front, about 60 percent of surface area (inset). Initial test cycles 
resulted in crystallographic slip, with less than one grain depth of 

slip-plane cracking as in stage I fatigue (ref. 2). Fracture is 

transgranular and the fracture surface has striations across the wall 
thickness (fig. 5). At higher magnification, "early" and "late" 

striations are shown in figures 6(a) and 6(b). A single "early" 

striation, 1.2 ym or about 3000 atoms in thickness, is shown in figure 
6(c) at a site undamaged by crack-closure. The actual number of 
striations counted was 147, with "early" striations of 0.63 ym 
(slip-band width) and with "late" striations of 70 ym width (about 100 
slip bands between striations). "Late" striations ware delineated by 
"terraces" of slip-bands (fig. 6(b)). Ductile tearing occurred during 
cyclic tensile- loading. 

A specific feature of PP-cycle type of fracture of both AISI 304LC 
or AISI 316 stainless steel is early continuity of striations from grain 
to grain. 

Crack propagation rate or the change in striation width per cycle, 
dc/dn, is plotted versus crack half-length, c/2, in figure 7 at each of 
four strainrange levels for AISI 316, and in figure 8 at two strainrange 
levels for AISI 304LC. Crack length, c, is defined as the total depth 
of cracking. These figures provide the basis for the summation of 
table II which shows the percent cyclic life for initiation and 
propagation to two crack depths at strainranges ranging from 0.4 to 8 
percent. The crack depths are 125 ym (0.005 in.) and 375 ym (0.015 in. 
or 25% of the original wall thickness of the tubular specimens) . The 
plots reveal that striations across the wall thickness can account for 
from 10 to 100 percent of PP-cyclic life for the strainranges evaluated. 
Table I T . shows that where a depth of 125 ym (0.005 in.) is selected as 
being the depth of a surface detectable crack, then for an inelastic 
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strainrange of about 0.4 percent, about 80 percent of the PP-cyclic life 
is expended a crack "initiation". At higher strainranges of 3 to 8 
percent, the 125 pm depth is reached in approxiaately 40 percent of the 
cyclic life. 

In suaaation, for the two steels exaained and for the test 
conditions evaluated, the characteristics of PP cyclic fracture are: 

(1) Transgranula r fracture with few initiation sites. 

(2) Striations and slip-bands between striations are planar. 

(3) Generally, a broad, unified, crack front. 

(4) About 80 percent of PP-cyclic life is expended to produce a 
crack depth of 125 pa at low strainrange, with a decrease to about 40 
percent of total cyclic life at the higher strainranges (3 to 8%) . 


(5) The identifying features were siailar 
strainrange and teaperature applied. 

PC-cycle Fracture 


over the range 
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Iransgr anular cracking with slip-bands and aany discontinuous 
crack- fronts are characteristic of PC-cycle type fracture as shown in 
figure 4. Surface distortion and slip-band cracking probably resulted 
fron grain distortion caused by grain boundary sliding during 
coapressive creep strain. The crack- front is blunted and diverted by 
the grain boundaries. Cracking initiated at aany sites distributed both 
longitudinally and circuaferentially (figs. 1(b) and 2(b)). Crack 
propagation proceeded transgranularly and grain deforaation and aultiple 
crack initiation resulted in delineation of grains on an otherwise 
planar surface (figs. 1(b) and 2(b)). At higher aagnif ication (fig. 4) 
continuity of striations across grain boundaries is evident. 

Plots (figs. 8 and 9) show a stepwise crack propagation rate. The 
steps are believed to be the result of aultiple cracking which caused 
the crack front to catch-up or lag-behind the radial path selected for 
aaking these plots. Froa table II it is seen that for botn high or low 
strainranges to reach the 125 ya crack depth, the percent of cyclic life 
expended is about the saae as for the PP-cycle. Soae features of 
PC-cycle fracture are that it generally initiates in fewer cycles than 
the PP-cycle and at a greater nuaber of sites. The slip-bands, possibly 
caused by unidirectional slip in each cycle, are broader than those 
produced by reversed slip in each cycle (as in the PP-cycle). The PC 
shear-lip is up to 50 percent of the wall thickness, and is 
circuaferential. 

In suaaation, the PC-cycla type of fracture is characterized by 
the following features: 

(1) Planar Transgranular fracture with striations. 

(2) Multiple transverse crack initiation sites distributed about 
the circuaference. 

(3) Distorted speciaen surface and blunted crack fronts diverted at 
grain boundaries. 

(4) Deep shear lip, up to 50 percent of the wall thickness. 

(5) The percent of cyclic life expended for crack initiation is 
about eguivalent to that for a PP-cycle. 

(6) The PC-cycle has fewer cycles of initiation and shorter cyclic 
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i_fe than does the PP-cycle at an equivalent inelastic strainrange. 

(7) The identifying features were siallar ovar the range of 
strainrange and tenperature applied. 


CP-cycle Practure 


All CP-cycle speciaen failures are characterized by intergranular 
fracture (figs. 1,2,3,10, 11, and 12). Internal cracking was observed. 
Cracking throughout the cross-section is by grain boundary fracture. 
Cracking in those grain boundaries perpendicular to the stress axis is 
by cleavage. Cracking in those boundaries which are not cleaved is 
characterized by terrace Barkings or "strians" ((figs. 10(a) and 10(b)). 
Because of internal crack initiation at aultiple internal sites, a 
direct determination of crack propagation cycles was not possible. For 
the CP-cycle, speciaen failure occurred at a total cyclic life less than 
that required for crack initiation for the PP, PC, and CC-cycles. 

Proa the plots of strainrange versus cycles to failure (figs. 3 and 
4), the CP intergranular fracture node is seen to be the aost damaging. 
At high strainrange, in particular, the CP-cycle type of fracture is 
closest in appearance to that of nonotonic creep fracture. That is, the 
fracture surfaces are faceted where grain boundaries have separated 
(fig. 12(a)). Onlike aonotonic creep rupture which involves staple 
grain separation and ductile elongation of naterial between grain 
fractures, the separation of grains in the CP-cycle occurred by a 
slip- band producing mechanise suggestive of the striations produced by 
transgraQular fatigue crack propagation. The cyclic fatigue character 
of the CP-cycle intergranular fracture is revealed by grain boundary 
slip-bands and groupings of slip-bands. These night expected to fora for 
each cycle of crack propagation from the internal initiation sites very 
auch as striations are forned from external initiation sites. These 
features which distinguish intergranular fatigue cracking froa 

intergranular aonotonic fracture are designated "strians", herein. 
"Strians," it is suggested, are intergranular markings which are related 
to cycles of crack growth in auch the sane way as are striations which 
appear across grains where cracking is transgranular in nature. 
Metallographic and schematic examples of "strian"-f ornation are shown in 
figures 10 and 11. By making a sample count of "strians" per unit 
length of test speciaen wall thickness on several CP-cycle fractured 
surfaces (at 300X to 1000X using the SEN), the number of "strians" 
increased with increased cycles-to- failure. Thus, a qualitative 

association was nade between "strian"-count and cycles of crack 
propagation. 

In summation, the characteristics of CP-cycle type of fracture were 
found to be as follows: 

(1) intergranular fracture at aultiple internal sites. 

(2) Grain-boundary "strian" markings. 

(3) Cracking of grain boundaries normal to stress-direction, with 
propagation by slip-band fracture at tilted grain boundaries. 

(4) For any inelastic strainrange froa 0.4 to 4 percent, test 
speciaens subjected to the CP-cycle failed in fewer cycles than are 
required for formation of a 125 ua deep crack under conditions of PP, 
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PC, and CC cycling. 

(5) The identifying features were similar over the range of 
strainrange and temperature applied. 


CC-cycle Fracture 


Semi-planar mixed fracture cracking, and dislocated surface grains 
are evident in figures 4 and 12(b). CC-cycle fracture is characterized 
by intergranular cracking in addition to transgranular propagation, 
discontinuous from grain to grain. 

For MSI 316, at two levels of strainrange, the generally planar, 
mixed-fracture, appearance is evident in figures 1(d) and 2(d). A 
crescent- shaped crack front is evident in figure 1(d). The fracture has 
a distinctive semi-planar granular topography which is particularly 
evident in figures 2(d) and 12(b). The intergranular character of 
CC-cyclic fracture appears to be introduced by reversed creep strain as 
the c rack front advances. The CC-cycle crack-propagation plot (fig. 13) 
was based on an average of measurements taken along several radial 
intercepts because of distortion and differing slip-band width in 
adjaceat grains. Since a lesser percent of total cyclic life (about 35% 
to 45ft at 4ft to 0.4ft strainrange, table II) was expended for CC-cycled 
specimens to initiate a crack 125 Um deep than for the PP or PC cycles, 
it might be expected that the CC-cycle would have the shortest total 
cyclic life of these three Slip-cycles. This is true, however, only at 
lowec strainranges. At 4.0 percent inelastic strainrange, the lives of 
CC, PC, and PP-cycled specimens are about the same. The damaging aspect 
of the CC-cycle as compared to the PC ard PP-cycle is the tensile creep 
component which produces early crack initiation to a depth of 125 Urn. 
At inelastic strainranges below about 1 percent, a further contribution 
to damage may be associated with crack propagation-to-failure. It 
appears that intergranular cracking occurred in addition to 

transgranular cracking, most probably, at the crack front as it 
advanced. Compared to CP-cyclic life at any inelastic strainrange, it 
should be noted (fig. 4) that tensile creep (as in the CP-cycle) is an 
order of magnitude more damaging than tensile creep which is offset by 
compressive creep (as in CC) . For either the CC or CP cycles it 1* 

probably tensile creep which produces the damaging intergranular 

cracking. 

In summation, the CC-cycle resulted in cracking which progresses by 
•ixel transgranular and intergranular fracture modes, such that CC-cycle 
fracture is characterized by: 

(1) Semi-planar mixed fracture. 

(2) Grain- deformation which resulted in grain boundary cracking the 
fracture plane. 

(3) ere scent- shaped , but irregular, crack-propagation front. 

(4) About 35 to 45 percent of total cyclic life is expended to 
reach a 125 y a depth over the range of inelastic strainranges evaluated. 

(5) The identifying features were similar over the range of 

strainrange and temperature applied. ORIGINAL PAGE IS 
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CONCLUDING BENABKS 


The results of this study suppleient Metallurgical data previously 
reported for several Materials which showed similar fracture and 
strainrange/cyclic life behavior; for exaaple, the Fe-base alloy A286 
(ref. 5) and the Ta alloy Till (ref. 6). Por these Materials the SBP 
lines are separated and tha fracture appearance differed for each type 
of SBP cycle evaluated. The inference that nay be drawn froa all of 
this work is that creep and the direction of creep strongly influences 
both the fracture aechanisa and the cyclic life. 

Grain-boundary fracture surface Markings, designated M strians," are 
proposed as a Means of identifying CP-cycle intergranular crack growth 
cycles. This May be possible nuch in the sane way that 
"striation-count" is related to cycles of crack growth for transgranular 
cracking. 


SUflfliBY OF BESULTS 


The following major results were obtained fron an investigation to 
characterize the HTLC creep fatigue cracking of AISI 304LC and 316 
stainless steel speciaens for each of four basic inelastic strain 
relationships obtained by tha Method of Strainrange Partitioning: 

1. Each of the four basic inelastic-strain Strainrange Partitioning 
(SBP) cyclic fatigue-life relationships were found to result in a 
distinctively characteristic fracture node over the range of 
strainranges (0.4% to 4%) and teaperatures (305°C to 705 °C ) evaluated. 
It was generally noted that the SRP fracture nodes, as had previously 
been shown for the SRP-c yclic-lif e relationships, were relatively 
tesperature independent. 

2. The PP-cycle, with transgranular cracking, had few crack 
initiation sites. Stria tions were planar with slip- bands between 
striation narks. 

3. Compressive creep strain (PC-cycle) acted to cause Multiple 
initiation sites and early onset of transgranular cracking. There were 
fewer cycles for crack initiation and a shorter cyclic life for an 
equivalent inelastic strainrange as coapared to the PP-cycle. 

4. Reversed-creep strain (CC-cycle) acted to advance the 

crack- front by grain boundary fracture coabined with transgranular 
propagation. 

5. Tensile-creep strain (CP-cycle) iaposed daaage by grain boundary 
cracking throughout the section thickness. The CP-cycle type of 
fractures were intergranular at all strainrange levels investigated. 

6. Fracture of the CP-cycled speciaens occurred in fewer cycles 
than were required for speciaens subjected to other types of SBP-cycles 
to develop a crack 125 yu deep. 
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TABLE II. - PERCENT CYCLIC LIFE FOR FORMATION OF 
CRACKS OF TWO SPECIFIC DEPTHS 


Loading 

cycle 

Strainrange , 

% 

e 

% Life to crack depth 

5 mils, 125 lim 

15 mils, 375 ym 

316 Stainless steel 

PP 

0.4 

79, 83 

90, 86 


3.0 

42 

86 


e.o 

40 

100 

PC 

0.9 

77 

86 


3.6 

40 

57 

cc 

0.4 

45 

86 


3.8 

34 

68 

304 Stainless steel 

PP 

1.8 

75 

89 

PC 

2.7 

81 

99 


‘Based on total cyclic life sinus the number of 
striations as a percent of life. 






























Propagation 


Propagation 


Cycles to failure 


Figure X - St rain range vs cyclic-tile and fractographs showing creep predominate in Intergranula- 
fracture with terraced grain boundary "strlans" of CP-cycle (left) and striations formed bv crack 
front of PP-eyt let rights 


Propagation 


Propagation 


Cycles to failure 


Figure A - Strainrange vs cyclic-life and fradographs showing planar mixej-.racture advance of crack 
with compressive creep iCC-eytlet, left and planar distorted -striations of tensile creep tPC -cycle), 
right. AISI 316 stainless steel. 
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indicate the fraction of cyclic life evidenced by 
striations, PC -cycle. 116$, S. 
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Figure 13. - Effect of strainrange on crack propagation 
rate as a function of crack depth. Ratios (rounded) 
indicate the fraction of cyclic life evidenced by 
striations. CC -cycle. 316 S.S. 
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